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Feeling the Heat:  

Temperature, Physiology & the Wealth of Nations 

By JISUNG PARK* AND GEOFFREY HEAL** 

ABSTRACT. Does temperature affect economic performance directly? This paper 

attempts to bridge micro-level studies of thermal stress and task performance with 

macroeconomic studies of long-run growth, by presenting a microeconomic model of 

labor supply under thermal stress and using panel data to identify temperature-driven 

productivity impacts at the international and sub-national level. We find that the effect of 

a hotter year on income and implied TFP varies with a region’s position relative to the 

optimal temperature, so that a positive temperature shock leads to a drop in productivity 

in hot regions and a rise in cold ones. 
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I. Introduction 

Does temperature stress affect economic productivity? Anyone who has watched 

construction workers toil in midday heat or attended a class in a freezing lecture hall can 

intuit the link between thermal stress and human performance at the individual level. A 

growing microeconomic literature has documented links between temperature stress - 

both heat and cold - and task productivity on a wide range of activities.  

But could these effects translate into productivity differences at the macro level? If so, 

what might random temperature fluctuations tell us about the relative wealth of nations, 

or the future consequences of climate change? Might anthropogenic climate change give 

rise to significant productivity impacts from thermal stress in addition to other well-

documented impacts such as crop loss or sea-level rise? Exploring more deeply the 

potential causal relationship between temperature and economic welfare is the primary 

objective of this study.  

At the macro level, scholars have noted for centuries that hotter countries tend to be 

poor (Montesquieu 1750; Huntington 1915). Income and income growth rates have been 

shown to decline with temperature and absolute latitude (Horowitz, 2009; Sala-i-Martin 

1997). But causal identification of the impact of temperature on economic activity has 

been fraught with omitted variable problems typical of cross-sectional studies. Recent 

work using panel data addresses the issue of exogeneity more directly. Most notably, Dell 

et al (2012) find that hotter than average years are associated with lower than average 

GDP growth by roughly -1% per degree Celsius for poor countries, mostly in Sub-

Saharan Africa.  

And yet, an important puzzle remains. To what extent can this macroeconomic 

relationship be explained by the influence of temperature on microeconomic activities: 

the impact of thermal stress on human physiology?  

At the individual level, the fact that human performance on both physical and 

intellectual tasks degrades with temperature is well-established. A longstanding medical 

literature suggests that heat can have measurable negative effects on physical and 

cognitive performance. Thermal stress has well-documented effects on athletic 

performance (Wendt et al. 2007), and can also adversely impact simple tasks such as 
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manual tracking (e.g. guiding a steering wheel) and cognitive tasks such as sentence 

completion or basic arithmetic (Grether 1973, Wyon 1974).  

Our observation in this paper is that the temperature-performance relationship at the 

individual level can contribute to explaining the temperature-GDP gradient at the macro 

level, and ultimately inform our understanding of the comparative wealth of nations. 

Depending on the extent of expected adaptation, it may also inform our understanding of 

the mechanisms through which climate change may affect welfare. We provide a 

microeconomic model of labor supply under thermal stress to formalize this mechanism, 

and embed the predictions from this model within a simple macroeconomic production 

function in an attempt to bridge the findings from these related but as yet unintegrated 

literatures. 

Our empirical strategy is informed by this observation, and results in important 

departures from previous work in this field, though we take our results to be consistent 

with and complementary to the existing literature, including Dell et al (2009)1. The 

inclusion of UN COMTRADE data on air conditioning allows us to explore, albeit 

crudely, whether adaptive investments might mitigate the adverse impact of future heat 

shocks due to climate change. By using sub-national panel data for US counties (County 

Business Patterns, 1986-2012), we provide further evidence suggestive of a causal 

mechanism operating through human physiology, arising from temperature shocks away 

from the thermoregulatory optimum.  

Our most policy-relevant finding is that annual climate shocks affect GDP per capita 

and total factor productivity (TFP), but that there is systematic heterogeneity in the 

treatment effect across initial climates. The economic impact of a warmer world may 

depend crucially on the initial temperature zone in which a country is situated, and may 

be especially damaging for already poor countries. Warmer-than-average years lead to 

negative per capita output and TFP shocks in hot countries (e.g. Bangladesh), and 

positive impacts in cold countries (e.g. Sweden), though long-run adaptation may 

mitigate these impacts considerably. Hotter years are associated with lower payroll per 

capita as well as slower growth in already hot US counties, vice versa in colder regions, 
                                                

1 Our choice of income data - the UN National Accounts, as opposed to PPP-adjusted Penn World Tables or World Development 
Indicators data – is motivated in part by this levels specification, as we are interested in marginal changes in productivity for a given 
country, not the comparisons across countries. An added benefit of the chosen data is that it avoids some of the complications brought 
about by retroactive PPP adjustments as documented by Deaton and Heston (2010). 
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suggesting that there may indeed be an optimal temperature zone for labor productivity.  

And while, given the coarse resolution of international data, we cannot rule out the role 

of other confounders such as agricultural yield or storm intensity, we suggest that 

systematic heterogeneity in the treatment effect of temperature on GDP is consistent with 

the productivity relationships documented in the micro literature and formalized in this 

paper. The fact that countries with higher air conditioning per capita are less vulnerable 

to temperature shocks provides further evidence of a physiologically-mediated causal 

mechanism, and suggest that developing countries may suffer increasingly severe 

mortality shocks from future climate change, given their lower levels of residential AC 

penetration.2 

Section II of this paper synthesizes emerging empirical research on the relationship 

between climate variables and macroeconomic variables such as income per capita 

(Horowitz 2001; Dell et al. 2009; Nordhaus 2006), in conjunction with a longstanding 

medical literature on temperature and human task performance at the micro level.  

Section III presents a model of labor supply under temperature stress that is consistent 

with these stylized facts. 

Section IV provides a framework for testing the predictions arising from this model 

empirically using country-level panel data. We identify the impact of average annual 

temperature and precipitation shocks on per capita income and implied TFP, utilizing 

country- and year-fixed effects, and controlling for capital stocks and human capital 

levels.  

Section V presents our main empirical results, which describe what we believe to be 

upper bounds for the direct causal impacts of temperature shocks on TFP. The key 

findings are (1) a universally concave relationship between temperature and TFP that is 

dependent on the level of exposure to thermal stress (“treatment effect heterogeneity”), 

and (2) a mediating role played by AC penetration per capita at the country level.  

Section VI provides some possible policy implications in the context of development, 

climate policy, and income inequality. Section VII concludes.  

  

                                                
2 The late Singaporean Prime Minister Lee Kwan Yu once declared that “air conditioning was one of the signal inventions in history,” 
and that, without it, Singapore could never have grown to the thriving tropical megapolis that it is today. 
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II. The Evolving Economics of Geography, Temperature, and Climate Change 

A casual scatterplot of log GDP and average annual temperatures reveals a striking 

temperature-income gradient (Figure 1). While there is still considerable disagreement 

over how much of this cross-sectional relationship is driven by institutions (Acemoglu et 

al. 2001, among others) or other geographical correlates such as disease burden (Sachs et 

al. 2001), more recent empirical evidence suggests that a non-trivial proportion of the 

causal effect is driven by climate variables (Dell et al, 2012).  

Studies using national and sub-national cross-section data (Horowitz 2001; Dell et al. 

2009), suggest that the income-temperature relationship exists not only across OECD and 

non-OECD countries, but also across provinces and counties within countries.  

 
FIGURE 1. COUNTRIES BY LOG INCOME PER CAPITA AND POPULATION-WEIGHTED AVERAGE TEMPERATURE IN 2000 

Dell et al. (2009) show that hotter counties and municipalities are, on average, 1.2%-

1.9% poorer per degree C average annual temperature, confirming that omitted country 

characteristics are not wholly driving the cross-sectional relationship. Even among a 

subset of OECD countries, warmer climates of +2°F are associated with -3.7% to -4.0% 

lower GDP per capita (Horowitz 2001).  
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But what is the causal pathway underlying these relationships? Are these correlations 

due to the effect of temperature on institutions and the incidence of disease and violent 

conflict? Or are other omitted variables driving the relationship?  

The human being, as with the rest of life on earth, is a biological organism evolved to 

function more effectively in some environments than others. And yet the welfare-

theoretic consequences of thermal stress have seldom been addressed in a formal micro-

founded context. Viewing the problem through this lens suggests an important 

methodological shift; whereas many studies have treated a +1oC weather shock as the 

same “treatment” across all countries and regions, our approach suggests significant 

heterogeneity in treatment effect a priori3. Whether a hotter year leads to adverse (or 

beneficial) outcomes depends crucially on whether this shock pushes one away from or 

toward the thermoregulatory optimum4. Furthermore, a formal treatment of the incentives 

that temperature stressed individuals face reveals important nuances in how policymakers 

should think about the welfare consequences of future climate change. Because 

temperature has both an indirect productivity effect and a direct disutility effect on 

individual welfare, one must take into account the various margins on which workers 

may adapt their behavior in response to temperature shocks. 

III. Some Old and New Facts about Heat and Human Performance 

That extreme temperatures can hinder optimal functioning at the individual level is 

almost tautologically true. Heat or cold can influence human behavior by making one less 

effective at any activity (e.g. working or exercising), and also by nudging one to choose 

certain activities over others (e.g. staying in the shade versus working out in the field). 

There are well-established health ramifications, particularly for vulnerable demographics 

within a population. For example, the effect of heat waves on mortality - particularly 

among the elderly - is well documented in the epidemiological literature (Curriero et al. 

2002; Kilbourne 1977; Kovats and Hajat 2008; McMichael and et al 2008). A growing 

                                                
3 As recently suggested by Dell, Jones, and Olken (2014). 
4 Of course, there are a number of documented links between climate and economic output that may be somewhat orthogonal to human 

physiology. Crop yields are adversely impacted by heat after a certain point (Schlenker and Roberts 2006). Sea-level rise will no doubt 

damage many low-lying coastal assets (Yohe et al. 2006). Changing rainfall patterns and storm intensity may affect the availability of 

water resources in different parts of the world, likely making dry areas drier, and wet areas wetter (Pachauri and Reisinger 2007). 
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body of work suggests that, even in rich countries that have high levels of electrification, 

extreme heat waves can trigger large-scale mortality responses. In 2003 for example, 

France suffered approximately 14,000 heat-related deaths, and Europe as a whole roughly 

40,000.  

The slope of the temperature-mortality response is heterogeneous, and in general not 

predicted by latitude, as shown by comparisons of cities in the US, Europe, or around the 

world (Curriero et al. 2002; McMichael and et al 2008). While some of this has to do 

with demographics (the relative densities of old and infirm), it has been suggested that a 

significant proportion of this variability is related to the prevalence of air conditioning 

(Kovats and Hajat 2008). Deschenes and Greenstone (2011) show that hot days have 

historically led to very high mortality rates, and that the spread of air conditioning (AC) 

in the United States can account for up to 80% of the decline in heat-related mortality, 

and suggest that developing countries may suffer increasingly severe mortality shocks 

from future climate change, given their lower levels of residential AC penetration5. 

But heat can also affect human welfare at less extreme temperatures, and in less 

extreme ways than outright mortality or morbidity. Task productivity has been shown to 

decline systematically with thermal stress in many different settings (Wendt et al. 2007). 

Even test scores, controlling for individual ability, appear to be sensitive to ambient 

temperatures, though the effect is, interestingly, significant for math but not for reading 

scores (Hsiang et al. 2012). There is also evidence emerging from the behavioral 

psychology literature suggesting that individuals' anxiety levels, depression incidence, 

and propensity toward aggression are significantly correlated with temperature, sunlight, 

and cloud cover (Keller et al. 2005). Insofar as GDP is a cumulative measure of 

productive activity over a year, even such subtle environmental factors could in principle 

create accumulated advantages or disadvantages over time. It is possible, though as yet 

unproven, that the well-documented relationship between wages and climate amenities at 

the local level (Blomquist, 1988; Sinha and Cropper, 2013) may be related to 

productivity differences that are the result of such cumulative factors, in addition to the 

consumption amenity of a pleasant climate. 

                                                
5 The late Singaporean Prime Minister Lee Kwan Yu once declared that “air conditioning was one of the signal inventions in history,” 

and that, without it, Singapore could never have grown to the thriving tropical megapolis that it is today. 
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Perhaps most importantly for economists, a growing literature emphasizes the impact 

of heat stress on individual's behavior in the context of manual and cognitive labor. 

Anticipating lower productivity and/or direct disutility from higher core body 

temperatures, individuals choose to exert less effort or devote less time to effort-

involving tasks. Using data from the American Time-Use Survey, Zivin and Neidell 

(2014) find evidence for significant changes in time-use decisions resulting from 

temperature shocks6. Similarly, Adhvaryu et al (2013) show that manufacturing worker 

efficiency at the plant level declines substantially on hotter days, an effect that is driven 

primarily by on-the-job task productivity decline as opposed to increased absenteeism7. 

Sudarshan (2014) finds similar plant-level productivity declines among Indian 

manufacturers, even when controlling for region, firm, and individual-specific factors.  

What should we make of these observational studies? Might there be something akin to 

an “optimal temperature zone” for economic activity? Or are human beings sufficiently 

well-adapted to various climates for temperature to be a significant input to the 

macroeconomic production function? 

The medical literature at the micro level certainly suggests an optimal temperature 

zone. Indeed, from a biological perspective, the human organism comes across as a rather 

fickle species with a narrow biological comfort zone (approximately 18°C to 22°C, or 

65°F to 73°F). Meta-analyses (Seppenen et al. 2006; Hancock et al. 2007) of the medical 

and task productivity literatures suggest a single-peaked relationship between 

temperature and productivity, where negative productivity impacts increase non-linearly 

the further one deviates from the biological comfort zone, a trend consistent with existing 

models of human physiology (Figure 2).8 9 

                                                
6 While Zivin and Neidell do not show this, intuitively one might think that extreme temperature and weather events lead to a reduced 

average flow intensity of economic activity if measured at a high enough level of aggregation. 
7 This is a key intuition that justifies our use of country-level data in the empirical analysis. For example, if a hotter-than-average year 

leads to five more days of above-100 degree temperatures, which leads to the cancellation of several workdays or meetings that were 

meant to be held during those days, one would expect a noticeable impact on annual output, unless these shocks were made up for by 

cannibalizing leisure time. From a social welfare perspective, however, even if individuals engage in forced “make-up” work by 

taking away from leisure time, in the absence of parallel preference shifts, this is a clear welfare loss, even if nominal output may 

remain the same. 
8 The authors suggest that these results likely underestimate the true magnitude of the effect on productivity, due to the short term 

nature of many of the lab experiments reviewed (Seppanen et al, 2005). 
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FIGURE 2. TASK PERFORMANCE VS TEMPERATURE. MAXIMUM PERFORMANCE IS NORMALIZED AT 1 AT 22OC.  

Notes: Source: Seppanen et al. 2006. Reproduced from original study.  
 

In summary, a large number of studies from various disciplines shows physical and 

cognitive performance to deteriorate with temperature deviations beyond a biologically 

optimal zone. In other words, there is a single-peaked and non-linear relationship 

between temperature and task effectiveness at the micro or sub-micro level, which may or 

may not matter at the level of macroeconomic welfare comparisons.10 The biological 

mechanism through which this effect works at the micro level is that of thermoregulation. 

We believe this biological mechanism is fundamentally related to many of the 

documented climate-economy links in this rapidly evolving literature.  

 

                                                                                                                                            
9 Seppenen et al. (2006); Hancock et al. (2007) conduct meta-analyses of 24 and 49 lab and field studies respectively and find robust 

single-peaked relationships between ambient temperature and objective metrics of worker productivity in indoor, office environments. 

Both groups of authors are cautious to select only those studies that use “objective” measures of productivity, as opposed to subjective 

measures such as self-reported productivity or peer-evaluations. They also weight the studies by sample size, which vary from 9 to 

500 individuals per study. The tasks measured include office type work, text processing, length of customer service time, simple 

numerical calculations, and total handling time per customer for call-center workers. 
10 We call these “sub-micro” studies in that the effect often occurs without conscious decisions or awareness on the part of the 

agents themselves. Micro-economics typically applies to models of individual utility maximization and the choices that individuals 

make, not subconscious processes. 
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IV. A Model of Individual Behavior under Thermal Stress 

We next develop a simple formal model that reflects the issues reviewed above, in an 

attempt to bridge the micro-experimental literature with macro-economic outcomes. The 

model combines elements of the standard labor-leisure choice model with 

thermoregulatory factors that emerge as important influences on labor productivity as 

temperatures vary. The result is an optimizing model of the choice of labor hours and 

effort, leading to a physiological-economic model of labor supply. 

All human beings regulate core body temperature to keep it as close as possible to a 

biological optimum (98.6°F, 37°C) (Kovats and Hajat 2008). Scientific evidence suggests 

that we do this both subconsciously - through sweating or involuntary physical activity 

modulation (for example, shivering) - and consciously - by putting on or taking off 

clothing, or turning on the air-conditioning or heating if it is available. Core body 

temperature is affected by a host of factors which can be grouped into the following three 

categories: 1) physiological factors, including level of physical activity, and involuntary 

acclimatizing activities such as sweating, shivering, or long-term physical acclimatization 

(biologists refer to this as the metabolic rate), 2) ambient temperature and humidity, and 

3) the built environment (e.g. the availability of heating and air conditioning).  

As the core body temperature moves further away from the biological optimum, we 

devote more and more energy to trying to bring it back: more energy to shivering if it is 

too low and to sweating if too high (Parsons 2003, Kilbourne 1997). When the 

temperature is too high, the body automatically circulates more blood near the skin in 

order to take advantage of cooling opportunities, and limiting the supply to key organs. 

These cooling opportunities are more limited if the external environment is hot or humid. 

It takes only a small deviation from the optimal core body temperature for a person to be 

very sick - consider a temperature of 101°F, only three degrees above the optimum, yet 

high enough to make it difficult to function. A temperature of 104°F maintained for 

several days can prove fatal.  

One of the principal mechanisms through which temperature affects performance 

appears to be the ability of the brain to dispose of waste heat: on average the brain 

generates 20% of all the heat generated by the human body, and its performance is 
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temperature-sensitive, so that it needs to dispose of waste heat (Schiff and Somjen 1985, 

Yablonskiy et al. 2008). This becomes harder as the ambient temperature rises.  

In economic terms, the consequences of thermal stress (a shock to body temperature 

pushing it away from the optimum) are threefold: 1) feeling excessively hot or cold, 

which we model as a direct loss of utility or welfare, 2) a drop in task performance which 

lead to a reduction in earning power, and 3) behavioral adjustments by the agent to 

reoptimize subject to the new temperature. Body temperature is determined by the 

external temperature, by the level of physical activity, and by expenditures on cooling, 

such as air conditioning.  

Utility is assumed to depend on income, leisure, effort supplied and core body 

temperature. So we have that 𝑈 = 𝑈  (𝑌, 𝐿,𝐴,𝑇) where 𝑌 is income, 𝐿 is leisure, 𝐴 is 

effort supplied to the work (related to the physiological concept of metabolic rate) and 𝑇 

is core body temperature. 𝑈 is increasing in 𝑌, 𝐿 and decreasing in 𝐴. Utility is a concave 

function of core body temperature, increasing at low values of 𝑇 and decreasing at high 

values. Hence the derivative of 𝑈 with respect to 𝑇, 𝑈!, changes sign as 𝑇 increases, and 

the second derivative 𝑈!,! is negative.  

These variables are interrelated: 

𝑌   = 1− 𝐿 𝐴𝑃 𝑇   ,𝑇 = 𝑇 𝐸,𝐴 , 

where 𝐸 is the environmental (external) temperature and 𝑃(𝑇) is labor performance 11, a 

function of core body temperature. For simplicity, we normalize the wage rate to unity, 

and assume that contracts are perfect in the sense that principals can perfectly observe 

workers’ output and tie total compensation to output one-for-one. Intuitively, this 

corresponds to a setting in which either the individual is self-employed (e.g. a rickshaw 

driver) or has a flexible, piece-rate contract, where pay depends on marginal product (not 

effort or hours)12. Hsiang et al. 2012 note for example that math test scores decline with 

temperature: this is an aspect of performance, even if it might not be classified as a 

change in productivity. Performance increases with temperature at low temperatures and 

decreases at high temperatures, so that  𝑃! , the derivative of 𝑃, changes sign from 

positive to negative and 𝑃!,! < 0. Income is hours worked multiplied by both effort and 

                                                
11 By using the word performance we intend to include a broader range of effects than would be indicated by productivity. 
12 Assessing the welfare consequences of temperature shocks in the context of labor market rigidities and other market imperfections 
is an important area for further research. 
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performance. More effort means working harder, and greater performance means that a 

given level of effort leads to more output. The core body temperature 𝑇 is influenced by 

external temperature E and effort or metabolic rate 𝐴.  

The total supply of labor is taken to be 1. Hence  

 𝑈 = 𝑈      1− 𝐿   𝐴𝑃 𝑇 , 𝐿,𝐴,𝑇   𝐸,𝐴   , 

gives the full specification of utility. In this relationship, 𝐸 is a parameter given by the 

external environment, 𝑇  and 𝑃  are functional forms given by physiological 

considerations, and 𝐴 and 𝐿 are choice variables selected to optimize 𝑈 subject to the 

relationships between the variables. In particular for given functions 𝑈, 𝑃 and 𝑇 the 

choices of 𝐴 and 𝐿 depend on the external temperature 𝐸: denote the maximizing values 

by 𝐴∗(𝐸) and 𝐿∗(𝐸). We can then write the indirect utility function 

 𝑉  (𝐿∗(𝐸),𝐴∗(𝐸)) = 𝑚𝑎𝑥𝐴, 𝐿𝑈(((1− 𝐿)𝐴𝑃(𝑇), 𝐿,𝐴,𝑇(𝐸,𝐴))) 

More generally we will write 

 𝑊   𝐿,𝐴 ∶   𝐸 =   𝑈   1  −   𝐿 𝐴𝑃, 𝐿,𝐴,𝑇   𝐸,𝐴 , 

as a simplified representation of utility, showing its dependence on the choice variables 

𝐿, 𝐴 and the external parameter 𝐸.  

From this general framework, we will specialize to a particular functional form and 

assume that utility is quasi-linear in income: 

(1) 𝑈 𝑌, 𝐿,𝐴,𝑇 = 𝑌 + 𝑓   𝐿,𝐴,𝑇 , 

as this makes possible a more precise understanding of the mechanisms at work. In this 

specification we are assuming that the interactions between leisure, effort and 

temperature are independent of income. We will also adopt a more specific functional 

form for the relationship between body temperature 𝑇, external temperature 𝐸 and effort 

or metabolic rate 𝐴. We will assume 

(2) 𝑇 𝐸,𝐴 =   𝛼  +   𝛽𝐸  +   𝑔 𝐴 , 

Where 𝛼, 𝛽 are constants and 𝑔(. ) is a concave increasing function. This is consistent 

with the physiological literature, which again suggests that core body temperature is non-

decreasing with effort. 

Optimizing behavior is characterized by the two obvious first order conditions: 
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(3) 𝜕𝑊
𝜕𝐴 = 0,

𝜕𝑊
𝜕𝐿 = 0,  

 

 

and we can treat these as implicit functions relating 𝐿, 𝐴 and 𝐸 and differentiate these by 

the implicit function theorem to obtain comparative static results on how the optimal 

choices of 𝐴 and 𝐿 respond to an increase in temperature 𝐸 . The results are 

 

(4) 𝜕𝐴
𝜕𝐸 = −

𝑊!,!

𝑊!,!
,
𝜕𝐿
𝜕𝐸 = −

𝑊!,!

𝑊!,!
, 

 

 

where 𝑊!,! =
!!!
!"!#

 etc. 

To sign the expressions in (4), we assume the problem to be such that the optimal 

choices of both 𝐴 and 𝐿 are interior maxima. (Below we verify that this condition is in 

fact satisfied.) In this case the second derivative of W with respect to each is at least 

locally negative, implying that at an optimum 𝑊!,! < 0,𝑊!,! < 0. Hence the signs of the 

derivatives in (4) are those of the numerators in the parentheses. It is easy to verify that 

the sign of   𝜕𝐴 𝜕𝐸, the derivative of effort with respect to external temperature, is equal 

to that of  

 

(5) 1 − 𝐿 𝑃!𝛽 + 1 − 𝐿 𝐴𝑃!!𝛽𝑔!   + 𝑓!,!𝛽 + 𝑓!,!𝛽𝑔𝐴.    

In this expression, we know that (1− 𝐿), 𝛽, 𝑔! > 0. We also know that 𝑃!! , 𝑓!,! < 0. 

𝑃! changes sign from positive at low body temperatures to negative at high temperatures. 

We have not yet assigned a sign to 𝑓!,!.  

Does the marginal disutility of effort rise or fall with body temperature? We assume 

𝑓!,! < 0, so that the marginal disutility of effort becomes more negative at higher 

temperatures. The combined effect of these conditions is that the sign of (5), which is the 

sign of the derivative of effort with respect to external temperature, is negative at high 

temperatures (those at which productivity falls with temperature) and could be positive at 

low temperatures if 𝑃′ is sufficiently large.  
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Next we check the sign of   𝜕𝐿 𝜕𝐸, the effect of the external temperature on the amount 

of leisure chosen. This is equal to the sign of 

(6) −𝐴𝑃!𝛽 + 𝑓!,!𝛽.  

Here 𝐴, 𝛽   > 0, and as we have already noted 𝑃! changes sign from positive to negative. 

𝑓!,! shows the impact of body temperature on the marginal utility of leisure. Under the 

assumption that working in extreme conditions, be that in the context of heat or cold, is 

difficult and unpleasant, it seems reasonable that the marginal utility of leisure will be 

greater at high and low temperatures and lower at intermediate temperatures: this implies 

that 𝑓!  as a function of 𝑇  is 𝑈 -shaped and 𝑓!,! is negative and then positive. 

Hence    𝜕𝐿 𝜕𝐸 is first negative and then positive: leisure (work) is decreasing (increasing) 

then increasing (decreasing) in external temperature. Hence we have established the 

following proposition: 

Proposition 1: With quasi-linear preferences, piece-rate contracts, and reasonable 
(medically supported) assumptions about the signs of 𝑓!,!  and 𝑓!,! , an increase in 
environmental temperature will lower the amount of effort A supplied at high 
temperatures, may raise the effort supplied at low temperatures, and will raise the hours 
worked at low temperatures but lower the hours worked at high temperatures.  
 

This implies that productivity in terms of output per person will fall with an increase in 

temperature at high temperatures: people work less hard for fewer hours. Output per 

person may rise as temperature rises at low temperatures, as hours worked rise and effort 

may also rise, but only if the direct impact on performance is large enough. 

A. Implications for empirical work. 

Three testable predictions arise from the model; (i) at high temperatures, an increase in 

temperature will lead to a drop in performance, via decreases in both effort and hours 

worked - what we have termed “effective labor supply”; (ii) at low temperatures, an 

increase in temperature will lead to an increase in hours worked and possibly in effort, 

and may lead to an increase in output per person; (iii) for a given adverse shock to the 

external environment (ambient temperature), an individual with more installed 
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thermoregulatory capital (higher expenditures on cooling and heating) will suffer a 

smaller shock to productivity.  

According to (i) and (ii), we expect that in a study of the impacts of temperature changes, 

we will observe different responses in hot and cold environments, with output responding 

negatively to a temperature increase in hot environments and possibly positively in cold 

ones. Point (iii) suggests that, at the macro level, countries with varying levels of 

thermoregulatory capital may react differently to a given temperature shock. We do in 

fact find evidence of all three effects in the analyses that follow.  

 

V. Empirical Estimation 

We next take our model to country-level data to revisit an old question: what is the role 

of climate in explaining the relative wealth of nations? We find evidence consistent with 

a physiological effect of climate on economic activity at the macro level.  

Whereas previous studies have focused on the role of heat (or low latitude) in 

predicting GDP, we predict that deviations from the thermoregulatory optimum, as 

opposed to hotter temperatures per se, are what dictate the magnitude and direction of 

climate-GDP impacts. Additionally, we attempt to isolate the causal impact of thermal 

stress on total factor productivity, controlling for observable changes in physical capital 

(capital stock) and the size and skill-level of the labor force (population and human 

capital stock).  

These points of methodological emphasis arise directly from the physiological model 

of labor supply presented in Section IV, as well as the medical literature on thermal 

stress13.  

Our analysis suggests that the relationship between temperature and productivity might 

be universal (i.e. not necessarily limited to poor countries) and single-peaked, in line with 

what the physiological literature and our model imply. The causal effect of thermal stress 

is negative in already hot environments such as Thailand and India (between -2.0% and -

                                                
13 In some sense, we use the medical literature to inform our prior about treatment-effect heterogeneity; a warmer-than-average year 
(the “treatment) would have a very different impact on productivity and GDP for warmer, tropical countries than it would on cooler, 
temperate ones.   
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4.0% annual output per capita per degree Celsius) and positive (between +2.0 and +3.0%) 

in cool environments such as Canada and Sweden, with an indeterminate effect in 

temperate zones1415. A simple Cobb-Douglas decomposition suggests TFP impacts of 

similar directions and magnitudes (negative for hot countries; positive for cold ones; 

roughly 2%-4% in both cases), suggesting that a large proportion of this output variability 

is being driven by contemporaneous shocks to labor productivity. While we hesitate to 

extrapolate directly to future climate change scenarios, especially given the likelihood of 

adaptation, it is worth noting that such a two-sided “dose-response” to global warming 

could have non-trivial political, economic, and ethical implications16. Furthermore, 

applying the same spatial heterogeneity-based approach to county-level payroll data for 

3,000 plus US counties, we find that years with hotter average temperatures help cold 

regions and hurt warm ones, consistent with the physiological mechanism. 

A. Data 

Climate Data. 

Annual average temperature and precipitation data at the country level are taken from 

DJO (Dell et al. 2012). Temperature is measured in degrees Celsius, precipitation in mm 

per year. The international data is derived from Terrestrial Air Temperature and 

Precipitation: 1900-2006 Gridded Monthly Time Series, Version 1.01 (Matsuura and 

Willmott 2007), and is weighted by population. Population weighting ensures that the 

country average picks up the most economically relevant climate realizations.17 

International Economic Data. 

We use income data from the UN National Accounts, which records measures for 

income, population, and capital stock from 1970 to 2011. Real GDP per capita is 

measured in terms of 2005 USD$ using Laspreyes constant prices. Note that, unlike Dell 

et al. 2012, our analysis uses economic variables from the UN National Accounts (as 

                                                
14 In the time period surveyed (1950-2006) a one degree C hotter-than-average year occurs roughly once every 17 years. 
15 An alternative interpretation of the point estimates would be that, for cold countries, colder years have a negative impact on output.  

16 The point estimates reported here refer to the contemporaneous impact of temperature on log per capita income allowing for up to 10 

lags in temperature, controlling for precipitation, country and year fixed effects, in addition to capital stock variables. See Table 5. 
17 Ideally, one would use a less aggregated measure of temperature, for instance, cooling and heating degree days (CDD, HDD). CDD 

and HDD data, though available at more localized levels in OECD countries, was not readily available for the cross-country dataset 
used here.  
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opposed to the Penn World Tables or the World Development Indicators). This is 

motivated by the desire to mitigate the bias introduced by adjustments for purchasing 

power parity (PPP) embedded in the Penn World Table data, as well as to test whether 

the temperature shock-per capita income relationship found in DJO can be replicated 

using different income data18. As Deaton and Heston (2010) note, the manner in which 

Penn World Table income data incorporate successive adjustments to PPP may introduce 

issues of consistency, especially for non-OECD countries, whose implied growth rates 

exhibit spurious correlation if taken on short enough time intervals19. 

Like Dell et al. (2012), we drop countries for which either the climate or GDP data do 

not exist or the panel data does not extend for at least 20 years. This leaves an unbalanced 

panel of 134 countries, most of which have economic data for the period 1970-2011, and 

a total of 6,101 observations.  

Air Conditioning Data. 

Trade data on air conditioning import value is taken from the United Nations 

COMTRADE database, a subset of the World Integrated Trade Solution data set, 

beginning in 1962. The choice of imports as opposed to exports is motivated by the fact 

that, for any given country, imports are usually recorded with more accuracy than exports 

since imports generally generate tariff revenues while exports do not. The unit we use to 

measure air conditioning imports is trade value (in million dollars) of “air conditioning 

machines”. The reason we use this measure instead of a raw quantity measure is because 

countries do not report the same unit to report trade quantity; some countries report trade 

quantity in kilograms, other in number of items, others still in pounds. Trade value seems 

a more consistent measure of actual air conditioning achieved. 

We take this flow measure of import value and create an index of cumulative air 

conditioning equipment per capita by year. In 1995, for instance, expenditures on air 

conditioning equipment (proxied by cumulative imports of air conditioning equipment 

since 1960) ranged from $0 per capita (most Sub-Saharan African countries, for example) 

to $161 per capita (Kuwait)20.  

                                                
18 We replicate the primary findings from Dell et al (2012) – namely a negative growth rate effect of hotter years on poor countries, 

defined as below median world income.  
19 For a detailed discussion of the statistical discrepancies between various national accounts data, see Deaton and Heston (2010). 
20 Detailed descriptions of air conditioning penetration per capita are presented in the Appendix. 
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B. Empirical framework 

Before setting out our estimation strategy, we note that there are two important 

dimensions to consider when exploring the effect of temperature fluctuations on 

macroeconomic aggregates. 

First, the initial climate in which an economy is situated matters. Our model suggests 

that the impact of a hotter-than-average year will not be the same across different average 

climates. A one-degree C hotter-than-average year may lead to diminished overall labor 

performance in an already warm environment (Namibia), but it may actually lead to 

increased overall labor yield in a cold country (Norway)21.  

Second, the sensitivity of income or TFP to temperature stress may also be related to 

the degree of thermoregulatory capital available: that is, electrification, air conditioning, 

and access to heating systems and heat fuel. Given the asymmetric impact of physical 

activity in cold and hot environments mentioned above, as well as the relatively advanced 

technological requirements of AC (which results in more cross-country variation) we 

focus on thermoregulatory capital at the top end: capital that defends against heat stress. 

Using our proxy for air conditioning penetration, we test whether the sensitivity of GDP 

and TFP to temperature is mediated by air conditioning, and find that it appears to be 

highly dependent on the amount of AC expenditure per capita. 

Following DJO, we use historical fluctuations in temperature within countries to 

identify its causal effect on aggregate economic outcomes, given plausible exogeneity. 

We also attempt to isolate the impact of temperature on TFP directly by imposing 

parametric assumptions on the macroeconomic production function. 

 

 

 

 

                                                
21 In moving from a microeconomic model of thermoregulation to an analysis of macroeconomic variables, we must take into account 

industry composition: that is, the relative compositional sensitivity of the economic activity in a country or region to the effects of 

thermal stress on productivity. Occupations more intensive in outdoor labor are likely to be more sensitive to thermal stress, and 

countries with a higher share of economic activity concentrated in these industries to be more sensitive to temperature shocks. Cachon 

et al (2012) find that, even in automobile manufacturing plants in the United States, temperature shocks have a significant adverse 

impact on productivity, suggesting that even indoor manufacturing occupations may not be immune to the effects of thermal stress. 
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Temperature and Income. 

In keeping with our notation from Section IV, we define effective labor input, 𝑁!" , as a 

composite of labor hours (1− 𝐿) , labor effort (𝐴) , and labor performance (𝑃), which is 

a function of the ambient temperature, 𝑇 :  

𝑁!"   = 𝑁!"   1− 𝐿   ,𝐴!"  ,𝑃 𝑇!" ,𝑇!" ,   

for country 𝑖 in year 𝑡.  

Suppose each country’s GDP is produced using a combination of capital and effective 

labor input: 

𝑌!" = 𝑌 𝛷 𝛼!" ,𝜃! ,𝑁!" ,𝐾!" , 

𝐾!" denotes a holistic measure of observable capital inputs (both human and physical), 

𝑁!" is a measure of effective labor supply, 𝛷 denotes technology or TFP, and 𝛼!" and 

𝜃!    are the time-variant and time-invariant, country-specific measures of factor 

productivity respectively. One might think of 𝜃!   as the institutional environment or 

natural resource endowment of country 𝑖, and α it as any country- year-specific TFP 

shock. Per capita output is increasing in effective labor supply (𝑁!"), skill and capital 

stock (𝐾!"), and technology (𝛷).  

Insofar as the level of effective labor supply depends on the ambient temperature 

experienced by workers in the country (𝑇!"), we would expect per capita output to be a 

function of experienced temperature: 22 

𝑌!" = 𝑌!" 𝛷 𝛼!" ,𝜃! ,𝑁!" 𝑇!" ,𝐾!";𝑇!" .   

According to the model presented in section IV, and the mapping from changes in 𝑇!" 

to changes in 𝑁!" described therein, we expect the relationship between per capita output 

and temperature to be single-peaked: with 𝑌!" decreasing in both directions away from the 

optimal zone. In effect, the impact on output of a given temperature shock would be 

heterogeneous across different average climate zones (𝑇!). We attempt to estimate this 

relationship by utilizing within-country variation in historical annual temperature 

realizations, controlling for country fixed characteristics (𝜃!), annual changes in capital 

stock and skill composition (𝐾!"), and other climatic variables (namely precipitation).  

 

                                                
22 This is one reason why population-weighted average temperature is a more relevant metric than a raw geographic average. 
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Temperature and Total Factor Productivity. 

If a series of hot or cold days affect worker productivity, the impact of a positive 

temperature shock may become manifest in national income accounts in a number of 

ways. As the model suggests, the number of hours worked may decrease for workers in 

already heat stressed environments, and may actually increase for workers in cold 

environments. The raw task productivity of workers may fall in hot countries (rise in cold 

ones), and the effort exerted by workers may decrease (increase) respectively.  

Could one do better than this aggregated measure? By controlling for observable 

capital inputs, 𝐾!", population, and precipitation, and treating changes in effort and raw 

task productivity as components of (time-varying) total factor productivity, we attempt to 

isolate the impact of temperature shocks (∆𝑇!") on TFP (∆𝛷!"), though the lack of cross-

country data on labor hours means that we cannot decompose the shock into separate 

contributions from changes in labor supply and labor productivity.   

Suppose that output is produced using a Cobb-Douglas production function, the inputs 

of which include physical capital, 𝐾, labor, 𝐿, and a standard technology or TFP input, 𝛷, 

which has both time-variant (𝛼!") and time-invariant (𝜃!) components: 

𝑌!" = 𝑌!" 𝛷 𝛼!" ,𝜃! , 𝐿!" ,𝐾!" = 𝛷!"𝐾!"
!𝐿!"

(!!!).   

Note that we have collapsed the unobservable dimensions of effective labor supply, 

𝑁!", into the time-varying component of total factor productivity, 𝛼!", and the skill-level 

of each unit of labor (human capital) into 𝐾!". One might think of 𝐿 as representing a 

measure of raw labor inputs, which may change over time, but might be roughly proxied 

by the population level in any given country in any given year. Note that 𝜌 represents a 

marginal rate of substitution parameter, also referred to as the capital share of national 

income.  

Dividing by population, we can express output per capita as a function of 𝐾 and 𝛷: 
𝑌!"
𝐿!"

= 𝑦!" = 𝛷!"𝑘!"
! 

This allows us to say that, controlling for population, income per capita can be 

described by: 𝑦!" = 𝛷!"𝑘!"
!. Taking logs, the expression becomes: 

log𝑦!" = log 𝛷 𝛼!" ,𝜃! +𝜌 log(𝑘!"). Assuming a constant labor share of (1−   𝜌) =
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0.7, and a capital share of 𝜌   = 0.3, we can estimate the implied TFP, 𝛷, for all countries 

in our sample (1970-2011): 

log(𝑇𝐹𝑃) = log 𝛷 𝛼!" ,𝜃! = log(𝑦!")−𝜌 log(𝑘!") = log(𝑦!")− 0.3 log(𝑘!") .  

The UN National Accounts provide annual data on 𝑦, and 𝑘. Utilizing country-level 

fixed effects, we can control for the time-invariant component of TFP (𝜃!), and identify 

the causal impact of temperature fluctuations on the time-variant components of TFP 

(𝛼!"(𝑇!")). For simplicity, will refer to this time-varying component as “TFP” in the 

analysis that ensues. Given that this is a linear transformation, the sign of the comparative 

statics of TFP (𝛼!"(𝑇!")) and GDP per capita (𝑦!") with respect to temperature shocks are 

identical. 

C. Statistical Model and Estimation Equations 

Given our model and the literature on task performance under thermal stress, we expect 

the underlying relationship between output/TFP and temperature to take the following 

forms:  

(7) 𝑦!" = 𝑓!(𝑇!")+   𝛽!𝐾!" + 𝜃!" + 𝛾!" + 𝜖!" ,  

   

(8) 𝑎!" = 𝑓!"!(𝑇!")+   𝜃!"#$ + 𝛾!"#$ + 𝜖!" ,  

where 𝑓!(𝑇!"), 𝑓!"!(𝑇!") are some potentially non-linear functions of temperature, 𝐾!" is a 

vector of “capital stock variables”, which in may include physical and human capital 

stock, 𝜃!  denotes time-invariant country-specific factors such as natural resource 

endowments or institutions, 𝛾!  represents year-specific common shocks (e.g. global 

recessions), and 𝜖!" is a country-year specific error term. A more structurally restrictive 

version of this equation may assume a single-peaked (e.g. quadratic) relationship between 

income and temperature, as the medical and experimental literature suggests and 

summarized in the model of Section IV: 

(9) 𝑦!" = 𝛽!!𝑇!" + 𝛽!𝑇!"! +   𝛽!𝐾!" + 𝜃!" + 𝛾!" + 𝜖!" ,  

   

(10) 𝑎!" = 𝛽!!"#𝑇!" + 𝛽!!"#𝑇!"! +   𝜃!"#$ + 𝜖!" ,  
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In this case, our main hypothesis is that the coefficients on 𝑇 and 𝑇!  are positive and 

negative respectively. That is, the relationship between temperature and income/TFP is 

globally single-peaked around some optimal zone.23  

In an ideal experiment, we would expose otherwise identical economies to a series of 

random temperature shocks, and would do so for the whole range of base climates. This 

is for obvious reasons impossible at the macro level. The central econometric challenge is 

to come as close to such an experiment as possible with the data that we have.  

We confirm that there exists a strongly negative cross-sectional relationship between 

temperature and income in countries where population-weighted average temperatures 

are above 20°C. Of course, a key limitation of the existing cross-sectional analyses is that 

they may miss country-specific factors such as natural resource endowments or 

institutions. Researchers often point to the starkly different fortunes of North and South 

Korea as indicative of the crucial role of institutional factors24 25. 

The panel nature of the dataset allows the econometrician to control for time-invariant, 

country-specific unobservables that may influence income per capita: for instance, 

institutions or natural resource endowments (𝜃!), and average climate (𝑇!). In addition, we 

control for country-specific factors that may be changing over time by adding measures 

of capital stock directly, and measuring implied TFP. We control for physical capital (log 

capital stock per capita) and human capital accumulation in the form of an index.  

By utilizing the within-group variation in GDP with respect to temperature, an 

approach pioneered by Greenstone and Deschenes (2007; 2011), we can interpret an 

association between temperature fluctuations and income fluctuations as causal. Such 
                                                

23 More specifically, we hypothesize that the GDP-residual, controlling for institutions, capital stock, and education, is dependent on 

temperature. 
24 Selection via migration to more favorable climates is also something that cross-sectional correlations cannot account for. Cross-

sectional analyses may also be sensitive to period-specific idiosyncracies. If the data is from a year in which there was a global 

recession, it is unclear to what extent this globally correlated shock is affecting the underlying relationship.  
25  It is worth noting, furthermore, that previous studies which emphasize the monotonic cross-sectional relationship between 

temperature (latitude) and income (growth) may miss a significant component of the relationship, due to the limited number of cold 

countries in most samples. For example, in our sample there are only 5 countries which have annual average temperatures below 5o 

Celsius, even though a much larger number of countries have regions with very cold climates (e.g. Alaska and the Upper Midwest in 

the US; the Tibetan Plateau in China). More research is needed to uncover the temperature-income gradient within countries, 

especially those that have significant cold regions. At the very least, the temperature-income gradient in the cross-section provides us 

with an upper bound for any contemporaneous impact of temperature on income: be that positive or negative, selective migration 

based on the intensity of preferences for climate amenities (or adaptive capacity) notwithstanding.  
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annual fluctuations in weather variables can be considered essentially random, though 

they may be correlated over time in the short run.  

Thus, our preferred regression framework utilizes country- and year-fixed effects, as 

well as country-specific trends in physical and human capital accumulation26: 

(11) 𝑦!" = 𝑓!(𝑇!")+   𝛽!𝐾!" + 𝜃!" + 𝛾!" + 𝜖!" ,  

   

(12) 𝑎!" = 𝑓!"#(𝑇!")+   𝜃!"#$ + 𝛾!"#$ + 𝜖!" ,  

 

D. Statistical Model and Estimation Equations 

We begin by estimating a single-peaked (quadratic) relationship between temperature 

and income per capita/TFP. Table 1 presents the coefficients from estimating equation (9) 

above. Following DJO (2012), we allow for the possibility that temperature may affect 

GDP with a delay, by allowing for 1, 5, and 10 lags. Allowing for lagged impacts also 

controls for the potential for serial correlation in the shocks, due, for example, to ENSO 

climate cycles, usually with a periodicity of 4-8 years. In addition, this helps us to come 

closer to isolating the physiological “effective labor supply” channel as separate from 

other long-lived investment impacts, by allowing us to isolate the contemporaneous 

impact of a thermal shock on the economy that year. 27 

Our coefficient of interest, therefore, is the contemporaneous impact of temperature in 

year t on income in year t. Columns (1) through (4) suggest a significant, concave 

relationship temperature (degrees C) and log income per capita. Whether or not we allow 

for lagged effects, the concave relationship persists. The implied “optimal” temperature is 

roughly 17° Celsius across all specifications, consistent with the medical literature. 28 

                                                
26 This empirical specification, while utilizing within-country variation, is not immune to issues of spurious correlation. If variation in 

temperature is correlated with variation in capital stock variables, we may be attributing too much of the variation in income levels to 

temperature shocks. We discuss the issue of potential spurious correlation and our attempts to adjust for this in the section below, as 

well as in the Appendix. 
27 While we do not discuss long-term impacts of climate shocks here, we note that, in principle, a large enough thermal shock could 

have impacts that persist for a very long time. For example, a heat wave in utero may affect income in one's twenties and thirties. 
28 These ranges are likely shifted downward systematically relative to the optimum implied by lab studies, primarily due to the fact that 

our data is in annual averages, which counts nighttime temperatures as well as daytime temperatures. 
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Next, we consider a more flexible functional relationship between temperature and 

GDP, by creating dummies for a range of average temperature bins and allowing for 

piecewise linear relationships within each bin. We report the results for a 3-bin 

classification, where countries are classified into “hot” (average annual temperature 

above 20°C), “temperate” (15-20°C), and “cold” (15°C and below)29. The results suggest 

a single-peaked relationship, with the implied peak again occurring somewhere between 

15° and 20° Celsius. A one degree Celsius hotter than average year is associated with 

lower than average output per capita in countries with average annual temperatures above 

20°C (during 1950-2005), while a positive temperature shock of similar magnitude is 

associated with higher output per capita in cooler countries (average annual temperatures 

below 15°C). Note that a 1 degree Celsius hotter year is a relatively rare event, occurring 

roughly once every 19 years in the data set. Similarly, annual heat shocks have strongly 

negative TFP impacts that year in hot countries, and positive impacts in cold countries 

(Tables 6 and 7 in Data Appendix). There is higher variance among very hot countries, 

but the overall pattern of negative effects of heat shocks in warm climates and positive 

effects of heat shocks in cooler climates is noticeable. This pattern persists across various 

bin classifications: for example, in five climate bins as opposed to three (Tables 8 and 9 

in Data Appendix). 

The magnitude of temperature-related output fluctuations implied by these regressions 

is large. Very hot countries such as Thailand, India, and Nigeria suffer negative output 

shocks on the order of 3-4% per capita GDP per degree Celsius. Very cold countries such 

as the UK, Canada, Norway, and Sweden have significantly higher output in warmer 

years (and, notably, lower output in colder years). Similarly, implied TFP shocks exhibit 

this asymmetry, and are also quite large: -2% to -4% for hot countries, +2% to +3% for 

cold ones.  

These effect sizes are consistent with the emerging literature, and well within the upper 

bounds signified by cross-sectional studies. For example, looking at 28 Caribbean 

countries, Hsiang 2010 finds large contemporaneous impacts of temperature shocks on 

output which ranges from negligible in some to over -6% per degree C in others. The 

implication seems to be that a quadratic (concave) relationship between temperature and 

                                                
29 The number of observations in each bin are 2535, 544, and 986 respectively. 
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income per capita is a good approximation of the underlying relationship, controlling for 

time-invariant factors such as institutions and natural resource endowments.  

While the single-peaked relationship between temperature and TFP/income per capita 

is certainly consistent with a model of thermoregulatory stress, it may also be driven by 

correlated causal factors that depend on annual weather fluctuation - for example changes 

in agricultural yield. In principle it may also arise from spurious correlation resulting 

from secular time trends in temperature and total factor productivity (TFP) that are not 

sufficiently detrended with year fixed effects. We attempt to control for these 

confounders by using air conditioning data, as well as allowing for flexible, country-

specific time trends, discussed in more detail below. The core result - a single-peaked 

relationship between temperature and output - is robust to a wide range of specifications. 

Sub-national Analysis Using US Data 

In this section we take sub-national data from the United States to further test the 

hypothesis that temperature shocks away from the thermoregulatory optimum affect 

productivity adversely. To the extent that the effect described here is a global effect, one 

would expect it to pertain to rich countries as well as poor ones, albeit perhaps to a milder 

extent. We show that the physiological model has some explanatory power even in the 

context of wealthy, industrialized countries like the US. We isolate the impact of 

temperature on non-agricultural output using annual payroll from non-agricultural sectors 

and temperature data at the county level.  

Payroll data is taken from County Business Patterns from 1986-2012, which records 

annual payroll for roughly 3,000 US counties by five-digit NAICS classification. We 

match this data with weather data from the PRISM model, which provides temperature, 

dew point, and precipitation readings for a 2km x 2km grid of the contiguous United 

States.30 Daily max, min, and average temperatures, in addition to precipitation and 

humidity are area-weighted to the county level, and annual daytime heat indices are 

constructed according to a standard temperature-humidity model.31 

Payroll includes all forms of compensation, such as salaries, wages, commissions, 

dismissal pay, bonuses, vacation allowances, sick-leave pay, and employee contributions 

                                                
30 We thank Wolfram Schlenker for providing weather data and code.  
31 In separate forthcoming work, we exploit the daily variation in temperature to test for non-linearities in the response, as well as the 
impact of degree days.  
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to qualified pension plans paid during the year to all employees.32 County specific payroll 

data is measured at the annual level. County level population data is taken annually from 

the US Census.  

We run the same panel specifications as in the cross-country analysis, stratifying the 

sample by average annual temperature into cold, temperate, and hot counties. Because 

much of the US is categorized as temperate, with very few regions as warm as the “hot” 

tropical countries in our international sample (the 20C cutoff represents the 95th 

percentile of the US county average climate distribution), we classify hot counties as 

those with average annual temperatures above 65 F (18C)33.  

Table 3 presents the results from running the levels specification. Hotter than average 

years have positive impacts on payroll in cold and temperate counties, presumably due to 

milder winters, whereas warmer years affect payroll negatively in hot counties. A one 

degree Fahrenheit hotter than average year leads to 3.28% higher payroll per capita in 

colder counties, while reducing payroll per capita by 27% in hot counties. Because the 

latter figure may be confounded by differential time trends, especially given the relative 

economic decline of certain South Central and South Atlantic regions over the sample 

period, we also run the regressions in a growth rates specification (Table 4), and find that 

the pattern of positive impacts in cold counties and negative impacts in hot counties 

persists, with more sensible magnitudes. A year that is one degree F hotter than average 

leads to 0.83% higher annual growth in cold counties and a statistically insignificant 

effect in temperate counties. The same shock has a negative growth rate effect in hot 

counties, reducing payroll growth by approximately -0.57%. While the binning structure 

changes point estimates somewhat, the overall structure of positive impacts of warmer 

years in cold places and negative impacts in hot places remains unchanged. 

 

Robustness Checks for Omitted Variables, Adaptation, and Spurious Correlation. 

There are of course alternative mechanisms which could lead to this relationship, as 

well as possible time-series properties of the data that might bias our results. These 

                                                
32 For corporations, payroll includes amounts paid to officers and executives; for unincorporated businesses, it does not include profit 
or other compensation of proprietors or partners. Payroll is reported before deductions for social security, income tax, insurance, union 
dues, etc. This definition of payroll is the same as that used by the Internal Revenue Service (IRS) on Form 941 as taxable Medicare 
Wages and Tips (even if not subject to income or FICA tax). 
33 The results are robust to alternative specifications for the “hot” threshold, though power is reduced using thresholds above 18 
degrees C.  
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include standard omitted variable bias, the distinction between weather and climate (and 

potential for adaptation over time), and spurious correlation between temperature trends 

and TFP trends. In this section, we tackle each issue in turn.  

We know for example that the connection between crop yield and temperature is highly 

non-linear, with yields increasing in temperature up to a point and then falling 

precipitously (Schlenker and Roberts 2009). This suggests that, looking only at 

agricultural societies, we could find a single-peaked connection between temperature and 

output. One would not expect this relationship to persist across industrial countries, but it 

could, in principle, explain a portion of the observed temperature-dose-GDP-response 

relationship. However, average agricultural value-added as a proportion of GDP in 

OECD countries is roughly 3% (over the period 1960-2006), and even in many 

developing economies less than 10%, suggesting that the effects cannot be totally 

attributable to decreases in agricultural yield.  

Moreover, it is worth noting a distinction between raw agricultural yield, which is the 

temperature sensitivity of crops as they grow, and agricultural productivity, which is the 

combination of this yield effect plus the effectiveness of the farmers that are planting, 

tending, and picking the produce. The latter concept encompasses labor productivity 

impacts from environmental variables. There is evidence to suggest that the impacts of 

temperature (and associated climatic variables such as ozone) on farm labor productivity 

is non-trivial (Zivin and Neidell, 2014). Furthermore, the US analysis pertains to non-

agricultural output, suggesting that unless there are substantial negative spillovers from 

agriculture into other industries, agricultural yield decline cannot account for the 

observed effects entirely. 

Our identification strategy relies on the hypothesis that variations in temperature from 

year-to-year in a given country (short-term variations, inter-annual variability) lead to the 

same sort of economic responses as variations in temperature across countries that are 

maintained over long periods of time (climate variation). In other words, as a country 

experiences say a 2°C hotter than average year, it reacts in the same way as a country that 

is on average 2°C hotter, conditional on compositional characteristics (agricultural value-

added, air-conditioning penetration, etc). Short and long-run responses are, as a matter of 
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simplification, treated as if they are the same; there is only one temperature-income 

relationship rather than several that depend on the time scale34.  

An alternative is that this is not true, and that countries that are maintained at high 

temperature over long periods of time can adapt to these in ways that take time and 

investment and to some degree mitigate the impact of temperature, while countries that 

experience a temperature shock that is not expected to last do not adapt. In this case we 

would expect to see a greater response to short-run (year to year) fluctuations than to 

long-run differences, and our coefficients could overstate the impact of temperature 

differences that are maintained over long periods of time.  

We attempt to control for this difference by allowing for the treatment to be defined 

over 3-year intervals (3-year block averages). We find relatively minor differences in 

effects, suggesting that, at least over the short-to-medium run, economies seem to adapt 

only marginally (Table 11 in Data Appendix) 35.  

 

The Role of Air Conditioning. 

Additional evidence strengthens the case for physiological impacts as a key causal 

mechanism. We test for the impact of thermoregulatory capital on the temperature-output 

gradient, by utilizing data on country-specific air conditioning penetration. Insofar as 

thermoregulatory capital may buffer the impacts of thermal stress on labor productivity 

(as opposed to crop failures, for example), we would expect the sensitivity of income 

shocks to temperature to be lower in areas with higher levels of thermoregulatory capital. 

Using the non-parametric models (equations 11 and 12), we attempt to examine 

whether access to air conditioning attenuates the effect of thermal stress at high 

temperatures. Because we expect AC to protect against heat shocks but not extreme cold, 

we restrict our sample to the subset of temperate, hot, and very hot countries.  

Using the data for this subset of countries, we stratify the sample based on whether a 

country resided in the top third or bottom third of air conditioning penetration per capita 

                                                
34 Dell et al. (2009, 2012) use the same assumption, as does Hsiang (2010). 

35 The effect sizes are approximately 2-3 times those for annual shocks of the same magnitude, which is what one would expect given 
minimal adaptation year-on-year. Using longer time intervals might be preferred in testing the weather-climate distinction, but doing 
to reduces our sample size significantly. These estimates suggest that the shape of the relationship remains the same, and that, 
controlling for lagged impacts, the magnitude of GDP responses to annual fluctuations is similar to longer-term shifts in climate. This 
is an admittedly crude test, and we note that this distinction between short- and long-run impacts of weather shocks is an area 
requiring further research. 
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averaged over the sample period 1962-2011. Table 5 presents the results for the two 

subsets of countries, allowing for lagged impacts once again. Consistent with the notion 

that higher levels of thermoregulatory capital dampen the impact of thermal stress on 

productivity, the subset of countries with air conditioning penetration in the top-third of 

the sample exhibit little to no sensitivity to heat shocks, whereas hot countries with low 

levels of air conditioning penetration suffer large negative output and TFP shocks. 

Countries with lower levels of AC suffer output shocks of roughly -3 log points lower 

income per capita per year, and -5.4 log points of lower implied TFP36 (Table 14 of Data 

Appendix). 

Moreover, it seems that this difference is not being driven wholly by the correlation 

between air conditioning and other unobservables that are correlated with income. While 

countries with better access to thermoregulatory capital tend to be richer on average, 

there are also relatively hot and poor countries with high air conditioning penetration (for 

instance, Libya). This is an admittedly crude measure, but points us in the right direction 

for pressing policy-relevant research on climate adaptation.37 

 

Why the positive impact on cold countries? 

One of the most consistent (and surprising) results is the positive impact of hotter-than-

average years on TFP and income in cold countries, defined as countries with an average 

annual temperature below 10 degrees C, 50 degrees Fahrenheit. A 1 degree C warmer 

year is associated with 2-3% higher TFP in these countries, which include Norway, the 

United Kingdom, Canada, and Sweden. And yet, these are also countries that are much 

richer than average. To the extent that one might expect greater adaptation potential in 

higher income countries, the climate sensitivity of these areas is a puzzle. What might 

explain this positive productivity shock?  

It is possible that a hotter-than-average year in these countries corresponds, in general, 

to a milder year38. If this is the case, one might expect a positive impact on TFP for the a 

                                                
36 The sum of all lagged temperature impacts in the 5- and 10-lag cases, though not reported in the table above, are significantly 
negative: -0.21*** and -0.32*** respectively. 
37 Note that one cannot estimate the impact of AC directly by including AC per capita on the RHS of the regression. This is because 
AC per capita is endogenous in a fixed effects model.  
38 While this is, with regard to our particular data set, indeed an educated guess rather than a statement of fact, this seems likely given 
the reality that the average monthly temperature in most of these countries even during the warmest summer months does not exceed 
the thermoregulatory optimum of 22 degrees Celsius. While it is of course possible in theory that a hotter-than-average year is driven 
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variety of reasons. First, as has been documented in the medical literature, cold climates 

are associated with non-trivial mortality, morbidity, and task productivity impacts, even 

despite high levels of adaptive capacity (Hassi et al, 2005). Old infrastructure in places 

such as the UK, for instance, has notoriously inefficient insulation, leading to acute 

mortality impacts of cold nights on the elderly population (Wright, 2004). It is also likely 

that extreme cold affects productivity even in countries that have extensive heating 

infrastructure due to subtle impacts on mental and physical well-being. Living in Polar 

Regions is associated with a range of chronic conditions including seasonal affective 

disorder (SAD), greater susceptibility to influenza, and hypothermia, and these impacts 

have been found to be demonstrably severe for non-indigenous populations (Sorogin et 

al, 1993; Mäkinen et al, 2005; Mäkinen et al, 2009).  

Second, there is rudimentary evidence from the finance and insurance industries 

suggesting that cold days depress retail sales considerably (Berlage, 2013). The fact that 

an outsized share of retail spending occurs during the winter holidays might imply that 

unusually cold temperatures during this period may depress retail sales, and thus 

measured output; the converse of this statement being that warmer winter months would 

be, given our statistical model, associated with higher retail sales and higher implied 

output and productivity.  

In sum, to the extent that warmer-than-average years mitigate the adverse impact of 

these perennial stressors, one might indeed expect a positive impact from the “treatment” 

(i.e. a 1 degree Celsius hotter-than-average year) as defined in this analysis. However, we 

advance these ideas with caution. Further research that isolates the impact of milder 

temperature days during the colder months of high latitude regions seems necessary to 

substantiate these claims.  

 

Levels vs Growth Rate Effects. 

So far we have formulated and tested our hypothesis in terms of the relationship 

between the level of income per capita or TFP and the levels of temperature and other 

exogenous variables. However in the literature on cross-country comparisons of growth 

                                                                                                                                            
by a small mass of extremely hot days, with no impact on cold days and nights, this seems unlikely given the climatological patterns 
in high latitudes to date.  
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rates it is conventional to study rates of growth of different countries as dependent 

variables (Sala-i-Martin, 1997). Dell et al (2012) are in this tradition; they study 

relationships between changes in growth rates and changes in temperature. A natural 

question is whether the effects that we have summarized above can be found in studies of 

the rates of change of per capita output and temperature and changes in temperature. 

Could the methodology used by DJO have found the results we summarized above?  

Our basic hypothesis (equation 9) is that  

(13) 𝑦!" = 𝛽!𝑇!" + 𝛽!𝑇!"! +   𝛽!𝐾!" + 𝜃! + 𝛾! + 𝜖!" .  

Differentiating with respect to time we see that this implies the following relationship 

between the growth of income and the change in temperature (here T is temperature and t 

is time): 

(14) 𝜕𝑦!"
𝜕𝑡 = 𝛽!

𝑑𝑇!"
𝑑𝑡 + 2𝛽!𝑇!"

𝑑𝑇!"
𝑑𝑡  

 

We expect a relationship between the change in income, the change in temperature and 

the change in temperature interacted with the level of temperature. Furthermore the 

coefficient on the change in temperature should equal that on temperature in the levels 

equation and that on the interaction should be twice the coefficient on temperature 

squared in the levels equation. The quadratic implied by the coefficients 𝛽! and 𝛽! should 

have its maximum in the same range as the temperate countries for which a temperature 

shock has little or no effect, which Table 2 shows to be the range from 15 to 20 degrees 

C.  

These results confirm that the coefficient on the change in temperature is positive and 

that on the interaction term negative. If we calculate the implied quadratic relationship 

between income and temperature this reaches its maximum at 15 degrees C, within the 15 

to 20 degree range implied by the non-parametric analysis reported above.  

In this sense, we take our results to be consistent with both a contemporaneous levels 

effect of heat shocks for hot countries (novel to this analysis) as well as a cumulative 

growth rate effect on poor/hot countries documented by Dell et al (2012). 
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VI. Discussion 

This paper provides a formal causal model of the link between temperature shocks and 

macroeconomic output, operating through labor productivity. By embedding the 

predictions from the experimental and medical literature into a utility-maximization 

framework applicable to economically relevant contexts, we generate a hitherto unique 

prior on treatment effect heterogeneity arising from random temperature shocks across 

climatic regions: a prior hypothesis that is confirmed by the macroeconomic data as well 

as a growing body of micro-level studies (Seppannen, 2005; Hsiang, 2007; Sudarshan et 

al, 2014).  

We identify the causal impact of temperature shocks on TFP, and present a micro-

founded justification for a physiologically based mechanism. Our results are consistent 

with the presence of both a strong contemporaneous levels effect on TFP - thermal stress 

leading to reduced labor productivity during and immediately after the time of stress - as 

well as a lingering growth rate effect which may or may not operate through institutional 

or other as yet undetermined mechanisms. Exploring more carefully the causal 

mechanisms by which temperature may affect underlying growth rates per se is an 

important avenue for future research. 

The picture that emerges is consistent with many micro-level studies: one of adverse 

health and productivity impacts due to thermal stress of the human body, particularly heat 

stress. While the scope for adaptation means that researchers must exercise caution in 

using these and other observational estimates to infer impacts from future climate change, 

we take this as evidence suggestive of a pervasive and possibly significant link between 

future temperature increases and economic welfare, operating through the channel of 

labor productivity decline.  

This paper thus provides a first pass at connecting the growing body of empirical work 

demonstrating adverse economic impacts of thermal stress at the plant- and individual-

level to macroeconomic outcomes that are at the level of aggregation relevant to climate 

and environmental policy-making, which will likely occur at the national or international 

level. 
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VII. Conclusion 

Four main implications emerge from our analysis. First, it seems that labor productivity 

may be a key link between climate shocks and economic outcomes at the macro level. 

We take the globally single-peaked relationship between temperature and output per 

capita, combined with the mediating impact of air-conditioning per capita among 

temperate and hot countries, to be highly suggestive of a causal link between climate 

shocks and economic output that operates through the impact of temperature on human 

physiology. The magnitude of these impacts may be as large as 3-4% per degree Celsius - 

in both positive and negative directions.  

Second, in the context of economic development, this study sheds new insight into the 

old question of what determines the relative wealth of nations. It seems that temperature 

per se has always mattered for economic productivity, despite its well-documented 

correlation with institutional variables. The fact that temperature shocks away from an 

optimal zone can have significantly negative impacts for countries with low levels of air-

conditioning suggests that Sub-Saharan Africa remains poor in part because of its 

inability to provide adequate thermoregulatory infrastructure to an already heat-stressed 

workforce. While it is likely that better institutions, better infrastructure, better education, 

and many other documented “deep determinants” of growth go hand in hand, our study 

suggests that the growth handicap associated with hotter climates per se is worth noting 

in earnest.  

Third, these results have important implications for social cost of carbon estimates, 

which are crucial in determining whether and how much countries should act to mitigate 

climate change. Our estimates suggest that current integrated assessment models may be 

missing an economically significant causal link in the form of labor productivity and 

labor supply impacts.  

Fourth, the damages from future climate change may in fact be much more 

heterogeneous than previous studies have assumed, and, more specifically, climate 

change may widen existing wealth and income disparities. Global warming may 

exacerbate income inequalities insofar as it pushes hotter countries, which on average 

tend to be much poorer, further away from the thermoregulatory optimum; and vice versa 

for relatively temperate and rich countries. The fact that cooler countries such as Canada 
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or Sweden may benefit from warmer weather - due, in part, to the advantageous impact 

on days and hours worked, and the relative productivity of those labor hours - is a 

difficult one, given the already complex international politics of climate change.   

It seems that temperature does, in fact, play a role in determining the relative wealth of 

nations, through its impact on something very basic – human physiology. Inasmuch as 

anthropogenic climate change may make some parts of the world less friendly to human 

physiology (and some places more), it may have important consequences not only for 

local economic productivity, but also for global income inequality. 
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TABLE 1—QUADRATIC IN TEMPERATURE WITH COUNTRY, YEAR FIXED EFFECTS, FLEXIBLE LAGS  

 no lag 1-lag 5-lags 10-lags 
  (1) (2) (3) (4) 
Variables Log 

income per 
capita 

Log 
income per 

capita 

Log 
income per 

capita 

Log 
income per 

capita 
          
Temperature 0.105*** 0.076*** 0.067*** 0.052*** 

 (0.012) (0.013) (0.013) (0.012) 
Temperature Squared -

0.004*** 
-0.003*** -0.002*** -0.002*** 

 (0.000) (0.000) (0.000) (0.000) 
Precipitation -

0.004*** 
-0.002 -0.003* -0.004*** 

 (0.001) (0.002) (0.001) (0.001) 
Human Capital Index 0.081** 0.067* 0.060 0.071 

 (0.040) (0.041) (0.043) (0.046) 
Log Capital Stock 0.338*** 0.327*** 0.293*** 0.234*** 

 (0.022) (0.022) (0.024) (0.027) 
     

Observations 3,363 3,256 2,840 2,333 
R-squared 0.987 0.988 0.990 0.992 

Notes: Robust standard errors in parentheses 
*** Significant at the 1 percent level. 
** Significant at the 5 percent level. 
* Significant at the 10 percent level. 
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TABLE 2— IMPLIED INCOME VARIATION FROM TEMPERATURE SHOCK 

NON-PARAMETRIC, COUNTRY, YEAR FIXED EFFECTS MODEL WITH FLEXIBLE LAGS 
STRATIFIED BY TEMPERATURE BIN a  

 no lag 1-lag 5-lags 10-lags 
  (1) (2) (3) (4) 
Variables Log income 

per capita 
Log income 
per capita 

Log income 
per capita 

Log income 
per capita 

      
H -0.094*** -0.071*** -0.042*** -0.035*** 

 (0.012) (0.014) (0.013) (0.013) 
M 0.002 0.002 0.003 0.014 

 (0.018) (0.019) (0.017) (0.014) 
C 0.045*** 0.030*** 0.030*** 0.027*** 

 (0.008) (0.008) (0.009) (0.008) 
Human capital index 0.067* 0.047 0.032 0.042 

 (0.040) (0.040) (0.043) (0.046) 
Log capital stock 0.333*** 0.322*** 0.286*** 0.229*** 

 (0.022) (0.023) (0.024) (0.027) 
Precipitation -0.005*** -0.003* -0.003** -0.004*** 

 (0.001) (0.002) (0.001) (0.002) 
     

Observations 3,363 3,256 2,840 2,333 
R-squared 0.987 0.988 0.990 0.992 

Notes: Robust standard errors in parentheses  

a H = Hot (>20C), M = Mild (10C-20C), C = Cold (<10C). 
*** Significant at the 1 percent level. 
** Significant at the 5 percent level. 
* Significant at the 10 percent level. 
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Table 3 – IMPLIED INCOME VARIATION FROM TEMPERATURE SHOCKS IN US COUNTIES (1986-2012)  
COLD, TEMPERATE AND HOT CLIMATES  

(Levels regression: includes county, year fixed effects) 
 Cold (below 45F) Temperate (50-60F) Hot (above 65F) 

  (1) (2) (3) 

Variables Log Non-Agricultural 

Payroll per capita 

log Non-Agricultural 

Payroll per capita 

log Non-Agricultural 

Payroll per capita 

     

Average Annual Temp (F) 0.032865*** 0.075297*** -0.273696*** 

 (0.007) (0.001) (0.003) 

Snow days per year 0.000669*** 0.000222 -0.002766** 

 (0.000) (0.000) (0.001) 

Precipitation 0.004062 -0.003053 -0.004080 

 (0.008) (0.002) (0.004) 

    

Observations 8,908 29,943 8,583 

R-squared 0.936 0.945 0.942 

Robust standard errors in parentheses  

*** p<0.01, ** p<0.05, * p<0.1  
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Table 4 – IMPLIED INCOME VARIATION FROM TEMPERATURE SHOCKS IN US COUNTIES (1986-2012)  
COLD, TEMPERATE AND HOT CLIMATES  

(Rates of change regression with lags: includes county, year fixed effects) 

 Cold (below 45F, 7C) Temperate (50-60F, 10-15C) Hot (above 65F, 18C) 

  (1) (2) (3) 

VARIABLES Δ log Non-Agricultural 

Payroll per capita 

Δ log Non-Agricultural Payroll 

per capita 

Δ log Non-Agricultural 

Payroll per capita 

        

Δ Temp -0.000787 -0.000154 -0.002093 

 (0.002) (0.001) (0.002) 

L1 Δ Temp 0.000182 -0.001089 -0.005680** 

 (0.003) (0.001) (0.002) 

L2_ Δ Temp 0.000683 -0.001544 -0.000573 

 (0.003) (0.001) (0.002) 

L3_Δ Temp 0.003880 0.000290 -0.002203 

 (0.003) (0.001) (0.003) 

L4_ Δ Temp 0.008312*** 0.000199 -0.001105 

 (0.003) (0.001) (0.003) 

L5_ Δ Temp 0.004016 -0.001323 -0.001050 

 (0.003) (0.001) (0.002) 

Sum of significant lagged 

terms 

0.008312*** 0.000 -0.005680** 

Observations 5,203 10,969 8,427 

R-squared 0.205 0.175 0.127 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1  

 


